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Abst rac t :  Experiments that investigate the decoherence of superposi- 
tions of motional states of trapped ions are described. Decoherence is 
characterized by the loss of contrast in Ramsey-type interferometer ex- 
periments involving superpositions of two motional coherent states or 
two motional Fock states that are subject to  stochastically fluctuating 
electric fields. 

1 In t roduc t ion  

Decoherence ir, quantum systems [I] has bee11 a subject of enduring interest because its 
fundamental causes are a subject of debate and more recently because it is the problem 
that must be overcome in quantum information processing [2]. Here, we briefly examine 
decoherence as it  affects quantum superpositions of motional states of a single trapped 
atom. Since this problem is closely related to  decoherence of superposition of states of a 
single mode of the electromagnetic field, we can rely on a rather large body of theoretical 
research in quantum optics to guide us; see for example Refs. [3-111. 

For brevity, we only summarize the zspects of trapped atomic ion state-manipulation 
that are relevant for the experiments on 9Be+ ions described below; further details can 
be found in Ref. [12] and references therein. To a good approximation, a trapped ion 
can be viewed as being confined in a three-dimensional harmonic well. We consider only 
motion along one direction; pure states of this motion can be written as superpositions 
of Pock states 

00 

d n o t r c n  = C CnIn) (11 
n=o 

and with laser cooling we will only consider such superpositions for small values of n. 
The ion has two internal "spin" states that  we label I J) and I T). The motional and 
spin states can be manipulated with coherent laser beams through stimulated-Raman - 
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transitions. By this means we can perform operations of the form 

and, in principle, starting from the state I 4)ln = 0), we can synthesize any desired 
entangled superposition state between the motion and spin [13]. After each experiment, 
we measure the internal state of the ion, and by repeating the experiment many times 
we can obtain the probability of finding the ion in the I 4) (or I T)) state. 

Decoherence of the ion motion occurs naturally due to ambient fluctuating fields; 
however, in most cases, for convenience, we can "engineer" the decoherence in order to 
speed up the experiments. 

2 Trapped-ion motional  decoherence 

We assume that we are interested in characterizing the decoherence of a superposition 
state al$l) + c21$2) where and 1$2) are states of a single mode of motion (here 
taken to be the z-mode). This mode of motion we call the quantum "system" under 
investigation. In a basic model of decoherence [1,3], it is assumed that  this state couples 
to the outside world or "environment," whose initial state is 14,). Therefore, the initial 
state of the motion and environment can be written Q0 = (cllGl) + czI.1C12)) @ After 
the motional state couples to the environment, the system and environment evolve to 

For a specific type of system/environment coupling, we can assume I$;) = eiCl I $ l )  and 
I$;) = eiCz I & ) ;  therefore, after the interaction, $final = clI$l)14e1)+ei(Cr-C1)c21$~)14ez) 
and we see how the initial states become correlated with different states of the environ- 
ment. Now, if ( 4 e 2 1 4 e l )  2.0, and if the final environment states are uncontrolled and un- 
measured (or unmeasurable), we must ignore these degrees of freedom (mathematically 
trace over them) such that the pure state $final becomes a statistical mixture expressed 
bjr the density matrix pfi,,l = Icl 121$1) ($1 I +Ic2 12/$2) ($2 1. Hence, the off-diagonal terms 
or "coherences" of the pure state densky matrix (cl J$l) + C ~ ~ $ ~ ) ) ( C ;  ( & I  + c;($~lzl) are 
lost to the environment. 

I t  is sometimes useful to incorporate a quantum measuring device or quantum "me- 
ter" into the scheme above using a. "von Neumann chain" [3]. Here we assume that the 
quantum system, initially given by c11$'~) + c21q2), is first coupled to  a quantum meter 
and in general, this combination is then coupled to the environment. In the first stage 
of coupling, we have 

Upon coupling to the environment, the evolution is 

and, as before, if we assume (4e214el) 2. 0 and that the final environment states are 
uncontrolled and unmeasured (or unmeasurable), then the final state of the system and 
meter is expressed by the density matrix 

Therefore the correlation between the system and meter states is established, yielding 
the expected classical result, and the coherences are lost to the environment. including . 

the quantum meter more closely describes the ion experiments discussed below because 
:A 



I,he uSysternn is the ion's motion, which is not directly measured, but can be coupled 
the ion's spin which is the meter that is measured (by laser scattering). In the first 

to ,,iment described below we will consider a case that is described by expression (5) 
eXP 

r e  have a situation where \$.I) = /Cez) = Ide). However since, in practice, we 
measure m e ) ,  and because 4.) changes from experiment to experiment, we must 

over the distribution of 14,) states, which leads to decoherence very similar to 
the case where ( O e 2 1 4 e l )  2 0. 

2 . ~  High-temperature amplitude reservoir 

Decoherence of harmonic oscillator superposition states, with coupling to a variety of 
environments, has been investigated extensively in theory; see for example 

~~f~ [3-111. The model in these studies is a system harmonic oscillator coupled to a 
bath environment quantum oscillators. The interaction Harniltonian for this situation 
,an be modelled as 

m 

where a is the lowering operator for the system oscillator, b! is the raising operator 
for the ith environment oscillator, and ri gives the strength of coupling between the 
system oscillator and the ith environment oscillator. The case where the system oscillator 
is a single mode of the electromagnetic field has been investigated extensively in the 

of Baroche e t  al. [14]. This model and other similar ones in the specific 
context of trapped-ion experiments are discussed theoretically in Refs. [12,15-181. One 

assumes that the motion of a trapped ion couples to the (noisy) uniform electric 
field E caused by the environment oscillators through the potential li = -qx . E, where 
x is the displacement of the ion from its equilibrium position. Such a model corresponds 
to the case of a noisy electric field due to  a resistor coupled between the trap electrodes 
[12,19], and is described by the Hamiltonian in Eq. (7). 

In the experimenfs, to speed up decoherence, we can simulate a hot resistor coupkd 
between trap electrodes by applying random uniform electric fields that have a spectrum 
that overlaps the ion's axial-motion frequency w, [20,21]. We generate these fields in 
the trap by applying voltages to one of the trap electrodes. A commercial function 
generator produces pseudo-random voltages that are applied through a band-pass filter 
centered near w,, defining the frequency spectrum of the reservoir. We measured the 
initial coherence and subsequent decoherence of the motion state superpositions with 
single-atom interferometry, as described in detail in Refs. 120,211. 

Briefly, we first created the entangled system/meter state shown in the left hand 
side of expression (5) with I $ ( )  = la),  l$,wl) = I t), ]I&) = !a1), I@M~)) = 14): and 
cl = c2 = as indicated in part (2) of Fig. 1. Here, / a )  and la1) are coherent states 
of amplitude a: and a'. This state is usually called a "Schrodinger-cat" state. The su- 
Perposition was then coupled to the reservoir (the applied fluctuating fields) for a fixed 
time. Finally, the components of the motional-state superposition were overlapped by 
reversing the steps which initially created it, a final 7r/2 pulse was applied to the internal 
States, and the internal state was measured. The experiment was repeated many times; 
after each experiment, the internal state of the ion was measured as a function of the 
relative phase q5R of the creation and reversal steps, and the contrast of the resulting 
Interference fringes characterizes the amount of coherence remaining after coupling to 
the reservoir. The results are displayed in Fig. 2. We observe that the contrast of the 
interferometer fringes decays as exp (-lcJa - a'I2(E;)), where is the r.m.s. value 

the applied fluctuating fields and n is a constant. This scaling was also observed for 
the ambient fluctuating fields in the experiment [20,21]. This exponential d'ependence 
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Fig. 1 .  Pictorial representation in phase space of a Ramsey interferometer (221 ex- 
periment designed to observe decoherence of coherent-state superpositions caused 
by coupling to an amplitude reservoir (from Refs. [20] and [21]). Starting from the 
initial systemlmeter state In = O ) I  J.), we create the SchrSidinger-cat state shown 
in panel (2)  by applying a 7r/2 pulse on the  spin followed by a spin-dependent 
optical-dipole-force displacement [23]. Noise is then applied to the motion simulat- 
ing coupling to  a hot resistor. A (random) displacement ,B in phase space results 
as shown in panel (3). Subsequently we reverse the steps used to  create the cat 
state but with a phase shift 4~ on the final Ramsey n / 2  pulse. Finally, we rnea- 
sure the probability P1 of finding the ion in the ]I) internal state. In the absence 
of noise ( p  = a), we obtain the characteristic sinusoidal oscillations as a function 
of 4~ of Ramsey interferometry; with noise, the Ramsey fringe contrast is reduced 
because we must average 0 over a distribution of values characteristic of the applied 
amplitude noise. 

of the decoherence on the "size" of the cat-state Aa c la - agrees with theoretic$ 
predictions and indicates why it is so difficult to preserve superpositions except on a 
microscopic scale. 

The decoherence observed here fits into the general scheme outlined above with 
however some notable differences. First, the environment acted on the system (motiond 
state) and not the meter (spin), so that Id;,) = IdMl) and = IdMz) in expresslo* 
(5). (01 course, when we finally measured the spm state, we coupled the meter 
the environment through laser scattering, but this is not the environment coupling we 

want to study here.) Also, even though we must have I4,,) # /q!~,~) because the. 

difference in back-action from the states /a) and la') to  the environment, to a "I 
so good approximation the back-action of the system on the environment is negligible 

that for all practical purposes, (d,zl&l) = 1 and Idc1) = I$.?) = Id.). Here have a 
situation in which we could, in principle, measure Id,) without disturbing it apPreciabiY 
and apply an operation which undoes its effect. In the case of engineered noise. we C0 

uld 
i - '=?d 



,lu do this, but for the case of the ambient noise, this is, in practice, impossible and read' 
we m average over the ensemble of environment states {Id,)) leading to the expected 
decoherence exhibited in Fig. 2. 

jn related experiments discussed elsewhere [20,21j, we characterized the decoherence 
when we applied the same amplitude reservoir to  superpositions of two Fock states and 

co when we apply a phase reservoir, characterized by the interaction Hamiltonian al- 

to the ~chrijdinger-cat state and to superpositions of two Fock states. 

Fig. 2. Loss of coherence of a Schrodinger-cat state caused by coupling to an am- 
plitude reservoir (from Ref. [20]). The amplitude noise was applied for a fixed time 
interval (3 ps) but with varying amplitude. The contrast for all experiments is 
normalized to the contrast observed in the absence of applied noise. The expected 
scaling was observed showing that the decoherence rate is proportional to the square 
of the phase-space separation Aa: of the cat-state components. 

2.2 '%ngzneeredn zero-temperature amplitude reservoir 

In the cavity-QED decoherence experiments of Ref. (141, where the system oscillator's 
frequency is around 50 GHz and the ambient temperature is 0.6 K ,  the equilibrium oscii- 
lator quantum number is around 0.05 and the amplitude reservoir's temperature could 
be assumed to be 0 K to a good approximation. In the ion experiments, the oscillator's 
frequency is around 5 MHz and the ambient temperature is near room temperature, im- 
plying the equilibrium oscillator number is very large. (Actually, the ambient fluctuating 
fields behave as if the reservoir were much hotter [24]). Nevertheless, we can simulate a 
T = o  reservoir, as suggested by Poyatos et al. [lo]. The basic process is laser cooling 
as indicated in Fig. 3. Coherent Raman beams couple the states / 1)In) * I ?)In - 1) 
with Rabi rate 0'. At the same time, an optical pumping beam causes spontaneous 
Raman transitions from 1 ?)In) to  14) In) through the excited P states a t  rate 7 .  From 
the diagram in Fig. 3, we see that all populations are driven towards the state /1)10) 

simulating a T = 0 reservoir. By varying the strength of the Raman and optical 
Pumping couplings and time, we have control over the reservoir parameters. 



Fig. 3.  Schematic diagram depicting an "engineered" T = 0 reservoir. A red sideband 
drives transitions [20] I $)In) tt 1 +)In - I),  while spontaneous-Raman scattering is 
used to make transitions It)ln) to IJ,)ln) at rate 7.  When 7 >> R*, the system acts 
as a T = 0 reservoir for motional states. 

In the experiments [20,21], we examined the time evolution of the coherence of the 
Fock state superposition II, = &(lo) + 12))lJ) for varying lengths of reservoir interaction 
time. TO observe this coherence, we made an interferometer simiiir to  one described in 
the previous section and illustrated in Fig. 4 . (Note that in this experiment, the spin 
serves multiple functions: it allows us to construct the motional-state interferometer, 
make measurements and, in the middle of any particular interferometer experiment, it 
also acts as part of the environment.) The resulting data are shown in Fig. 4. Each 
data point is the contrast of the interference fringes after the system interacts with the 
reservoir for a time T .  We show two cases, y >> R* and y < R*. In the first case, we 
observed the decay of the coherence due to  coupling to the simulated T=O reservoir. 
In this case, it is natural to assume that the reservoir is the spin plus the rest of 
the environment, which includes the spontaneously scattered photons. (Since we don't 
rigorously satisfy y >> a*, we also see some initial non-exponential decay characteristic 
of the Zeno effect [20,21]). When y < R*, the coherence between the 10) and 12) state 
disappears and reappears over time, with an overall decay of the fringe contrast. The 
underlying effect is population transfer back and forth (Rabi flopping) between the states 
14) 12) and IT) / I ) ,  with a coupling of the I T) 11) state to the outside environment through 
spontaneous Raman scattering. If we make y + 0, then we see near perfect revival of 
the fringe contrast, as expected [21]. For 7 + 0, we have restricted the environment 
be just the internal spin states. In this case, we can reverse the effects of decoherence 
(of the &(lo) + 2 ) )  state). (A scheme for observing a similar reversal in the context 
cavity-QED is discussed in Ref. [25].) 

In this experiment, when the atom scatters a photon through spontaneous Raman 
scattering, no measurement we do will allow us to  restore the initial superposition' 
That is, the emission (and subsequent absorption by a measuring apparatus or the 
environment) of a spontaneous photon projects the atom into a definite state (1$)l1) in 
the context of Fig. 3) and phase information is lost. This is the same situation as in the 

to be experiments of Brune et al. [14]. The decoherence in this second ion experiment 1s 
contrasted with the first, where we could in principle detect the environment and reverse 
its effects. Note that although the data for 7 < R* illustrate how coherence transferred 
to the environment can be recovered, an alternative explanation would say that bS' 

transferring the 1J)12) component of the superposition to the I t ) l l )  state, we can gain 
"which-path" information in our interferometer - the paths being the I $)lo) and 1 4 ) ~ ~ )  

t o  parts of the superposition. The oscillation in which-path information is analogous 
1 



Fig. 4. Decoherence of the  motional superposition state -&(lo) + 12)) coupled t o  a n  

engineered T = 0 reservoir (from Refs. [20] and [21]). In the upper part  of the figure 
we show schematically how the motional state Ramsey-interferometer works, where 
the reservoir is applied during the time indicated by the shaded area. In the lower 
part of the figure, we show the interferometer contrast as a function of t ime for two 
cases of the  relative values O F  R* and y. The initial contrast (without decoherence) 
is not unity due to imperfections in the motional-state Ramsey interferometer. 

that illustrated by the experiments of Chapman e t  al. 1261, Diirr e t  al. [27], Kokorowski 
et al. [28], and Bertet e t  al. [29]. 

This second experiment also illustrates a fundamental dilemma in explaining deco- 
herence. If we restrict the size of the environment to be the spin (y +- 0), then the 
coherence information is not lost and can be recovered, as indicated by the revival of 
the contrast. Even in the case of photon emission (spontaneous emission at rate 7 in Fig. 
3), the information need not be lost if the photon is emitted into a lossless cavity where 
it can be recovered, as illustrated in the cavity-QED experiments [3O, 311. Therefore it 
seems that decoherence is useful to describe situations, where for practicai and technical 
reasons, we cannot retain the overall system information or the overall system cannot 
be regarded as being closed. However, these limitations seem only to  be practical and 
not fundamental unless  some mechanism, that is so far missing in quantum mechanics, 
can give rise to intrinsic decoherence . For a summary of alternatives, see for example, 
Ref. [32]. 

2.3 Motional decoherence in practice 

The ambient motional decoherence observed in the NIST experiments can be character- 
ized by the model described in the first case above; its characteristics are the same as 
that caused by thermal electronic noise in the resistance of the electrodes or resistance 

to the electrodes. At the relatively low ion oscillation frequencies used, where 
the characteristic wavelength is much larger than the electrode spacing, this could be 
described by Johnson noise associated with lumped circuit elements attached to the 



electrodes. Typical heating rates (expressed as quanta per second from the motional 
ground state) are observed to be around (dnldtj - lo3 - lo4 s-I for vZ 2 10 M H ~  
and the distance from the ion to the nearest electrode surface around 150 pm [24]. ~h~ 
problem is that given our best estimates of the electrode resistance [12] and attached 
circuit elements, the electrodes would have to be at a temperature of lo6 K or higher to 
explain most of the heating results [24]. The principal cause of the anomalously large 
fluctuating fields and resultant heating is still not understood at this time, but some of 
its characteristics are known. It  appears to be rather broad band (no sharp resonances 
observed from 2 to 20 MHz) and is likely caused by electric-field noise emanating from 
the electrodes. For example, heating from collisions due to background gas or an electron 
field emission source would tend to heat the internal modes of two ions at  about the 
same rate as the center-of-mass (COM) modes. However, we observe that the internal 
mode heating is negligible compared to the heating of the COM modes [33] indicating 
that the fields a t  the site of the ions are approximately uniform spatially. (We note 
that the experiments of Rohde et al. [34] disagree with this finding.). A general trend is 
that  the heating is proportional to l / R K  where K > 2. For thermal electronic noise from 
circuit resistance, K = 2 [12]. If the noise were due to fluctuating patch fields, rc = 4 [24]. 
The scatter of the data using gBef ions is rather large but is consistent with K = 4. 
Data on other t r a ~ s  [34,35] appear also to be consistent with n equal to 4 or more. 

In the experiments of Ref. [24], there was some indication that beryllium deposition 
onto the electrodes caused a higher heating rate. (Beryllium ions are created in the trap 
by ionizing neutral beryllium atoms that pass near the center of the trap after being 
emitted from a wide angle source. Some of the beryllium atoms from the source are 
deposited on electrodes.) By masking the electrodes from direct beryllium deposition, 
preliminary evidence indicates a significant drop ( 2  100) in heating rate (M. Rowe et 
al., unpublished). In any case, we conjecture that for clean metal electrode surfaces, 
free from oxides or adsorbed gases (which could support mobile electrons), the heating 
should approach that predicted by thermal electronic noise (dnldt) - 1 s-'. 
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